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Abstract

Oxide/oxide ceramic matrix composites (CMCs) are being considered for
applications such as jet engine combustion chambers and afterburner flaps. Nextel™
720/A (N720/A), an oxide/oxide CMC with an alumina matrix and no interphase at the
fiber-matrix interface, was developed specifically to provide improved long-term
properties and performance at 1200°C. This study focused on experimental investigation
of creep behavior of N720/A [0/90] at elevated temperatures in laboratory air and in
100% steam environment. Monotonic tensile tests to failure were performed at 23, 1200,
and 1330°C. Ultimate tensile strength (UTS) values were established and monotonic
stress-strain curves were produced. Creep-rupture tests at 1200°C and 1330°C were
conducted in laboratory air and in steam environment to examine the combined effects of
temperature and moisture exposure on creep resistance. Creep curves were generated and
creep rates were evaluated for all test conditions. Effects of elevated temperature and
steam environment on creep-rupture life were assessed. The N720/A CMC exhibited
good creep resistance at 1200°C in laboratory air. Presence of steam degraded creep
performance. At 1330°C, creep resistance was poor. Microscopy and fractography was
used to examine specimen microstructure and fracture surfaces. Fiber fracture and
pullout appeared to be the primary damage mechanisms. Based on the obtained results,
N720/A is a candidate material for 1200°C applications in air environment. However,
degrading effects of steam on creep performance cannot be neglected.
iv
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CREEP-RUTPURE BEHAVIOR OF AN OXIDE/OXIDE CERAMIC MATRIX
COMPOSITE AT ELEVATED TEMPERATURES IN AIR AND STEAM
ENVIRONMENTS

I. Introduction and Background

This chapter begins with a basic introduction to Ceramic Matrix Composites
(CMCs) and their applications. Following that is a discussion about composites that
contain both oxide fibers and oxide matrices, with particular emphasis on the material
investigated during this study. Third, some comments are given relating to the creeprupture behavior of CMCs, as well as factors affecting creep performance. Finally, the
research objectives for this study are presented.
1.1

Ceramic Matrix Composites
Military and commercial aerospace applications have increased the demand for

advanced high-strength structural materials with exceptional performance in severe
operating environments. Development of next generation military air- and spacecraft
such as the F/A-22 (Figure 1) has placed a particular emphasis on high thrust-to-weight
ratios to allow for increased cruising speeds, higher altitude operations, and improved
flight performance [9:398; 22]. “These goals translate into material requirements
involving increased strength-to-weight, stiffness-to-density, and improved damage
tolerance - all at significantly higher temperatures” [9:398]. To meet these challenges,
the aerospace industry has directed its focus towards innovative materials classified as
Ceramic Matrix Composites.
15

Figure 1. USAF F/A-22 multi-role aircraft [1]

When compared to current metallic superalloys, CMCs offer increased margins of
safety for aerospace designs because of their higher strength-to-density properties and
high-temperature resistance, with additional benefits such as reduced cooling
requirements and decreased emission of nitrous oxides (NOx) [4:565; 12:Sec II, 1; 23;
35]. Comparison of the approximate service temperature limits of several polymers,
metals, and ceramics is presented in Figure 2.
Continuous fiber ceramic composites (CFCC) outperform conventional
monolithic ceramics due to their increased thermal shock resistance in high-temperature
environments and reduced brittleness resulting from fiber reinforcement.
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Figure 2. Maximum service temperatures for some important materials [9:5]

The United States Air Force (USAF) is interested in ceramic matrix composites
because of their potential benefits to aircraft structural and mechanical system
components (disk brakes, etc.), atmospheric reentry vehicles, and various missile, rocket,
and aircraft propulsion system components such as combustor liners, ducts, nozzle flaps,
acoustic liners, turbine vanes, turbine disks, turbine blades and so forth [18:216; 19:1797;
20:2077; 22; 23; 25:410]. In addition to the aerospace industry, applications of CMCs
include cutting tools and dies, wear resistant parts, medical implants, land-based power
and transport engines, and energy related applications such as heat exchanger tubes to
name a few [9:399; 16:18-23; 23]. Figures 3 and 4 illustrate some ceramic matrix
composite applications.
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Figure 3. Pratt & Whitney F-119 engine [2]

1.2

Figure 4. C/SiC Turbine nozzle and rotor,
and C/C exhaust nozzle [3]

Oxide/Oxide Composites
Within the realm of CMCs, composites are routinely identified by the type of

matrix material and fiber reinforcement. As the designation suggests, oxide/oxide
composites are comprised of an oxide ceramic matrix reinforced with oxide fibers.
Typical single oxide ceramics include alumina (Al2O3), zirconia (ZrO2), titania (TiO2),
magnesium oxide (MgO), silica (SiO2), mullite (3Al2O3•2SiO2), and spinel (MgO•Al2O3)
[9:12]. These oxide/oxide CMCs are being considered by the Air Force for applications
such as jet engine combustion chambers and afterburner flaps.
Oxide/oxide composites are generally classified into two main categories, that is,
an oxide matrix reinforced with uncoated oxide fibers and that reinforced with coated
oxide fibers. When compared to non-reinforced oxide ceramics, the added oxide fibers
typically result in improved strength and modulus properties of the composite. The
toughness characteristics of these CMCs are not significantly changed because of the

18

strong chemical bonding at the interface between the fiber and matrix. The composite
properties can be further enhanced by tailoring this interface via fiber coatings [9:248].
The major advantage that oxide fiber/oxide matrix CMCs possess over non-oxide
composites is their inherent stability in air at elevated temperatures [9:44; 20; 33:981].
Non-oxide composites such as carbon fiber reinforced silicon carbide (C/SiC) are prone
to fiber degradation at high temperatures when exposed to oxidizing environments (i.e.
oxygen, air, steam, etc.). This degradation of the fibers and/or matrix material severely
reduces the strength of the composite. The oxidation attacks the carbon (C) and boron
nitride (BN) interphase material and then the SiC fibers [18:216; 23:212; 30]. Porosity
and micro-cracks present in the matrix material permit the oxidation process to occur
[12:Sec II, 5]. The matrix micro-cracks are formed during the cooling down period of the
manufacturing process due to stresses caused by differences in thermal expansion
properties between the fibers and matrix [4:572]. To combat oxidation, novel concepts in
interphase materials based on refractory metals or oxides with lamellar structures have
been tested [23:212]. Although effective, this approach adds complexity and cost to the
manufacturing process.
1.3

Nextel™ 720 Fiber Reinforced Alumina (N720/A)
Previously investigated oxide/oxide CMCs employed Nextel™ 610 or 720 fibers

in aluminosilicate matrices. These composites exhibited excellent fatigue performance in
laboratory air at temperatures up to 1100°C [27]. One oxide/oxide ceramic matrix
composite that has attracted particular attention of the Air Force is Nextel™ 720/A.
Developed by Composite Optics Inc. (COI) Ceramics, this CMC consists of a porous
19

alumina matrix with no interphase material at the fiber/matrix interface. This material
was developed by COI specifically for long-term operation at 1200°C. The Nextel™ 720
fiber and alumina matrix material are discussed in detail in the following sections.
1.3.1

Nextel™ 720 Fiber

In general, alumina-based and mullite fibers are the most widely used oxide fibers
for ceramic matrix composites. To provide a comparison, the physical and mechanical
properties of common oxide fibers are reported in Table 1. For high creep resistance,
large grain size is required to minimize grain boundary sliding, which can result in a
rather large creep strain in a fine-grained material [13:2333]. This observation was
considered during the development of Nextel™ 720 (N720).

Fiber Type
Nextel™ 312
Nextel™ 440
Nextel™ 550

Table 1. Typical Properties of Common Oxide Fibers [9:71]
Composition,
Diameter,
Density,
Tensile
3
(% Weight)
(g/cm
)
Strength,
(µm)
(MPa)
10 – 12
2.70
1700
Al2O3-62.5, SiO224.5, B2O3-13
Al2O3-70, SiO2-28,
10 – 12
3.05
2000
B2O3-2
Al2O3-73, SiO2-27
10 – 12
3.03
2000

Young’s
Modulus,
(GPa)
150
190
193

Nextel™ 610

Al2O3-99+

10 – 12

3.9

3100

370

Nextel™ 650

10 – 12

4.10

2550

358

Nextel™ 720

Al2O3-89, ZrO2-10,
Y2O3-1
Al2O3-85, SiO2-15

10 – 12

3.40

2100

260

Saffil

Al2O3-96, SiO2-4

3

2.3

1000

100

Saphikon

Single Crystal
Al2O3
Al2O3-85, SiO2-15

70 – 250

3.8

3100

380

9

3.2

2600

250

Sumitomo
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The Nextel™ 720 fiber was developed by the Minnesota Mining and
Manufacturing Company (3M™) for load-bearing ceramic matrix composites used in
industrial, aerospace, and automotive applications at temperatures in excess of 1100°C
[21; 31:1143]. The superior high-temperature creep performance of the N720 fiber
results from a high concentration of mullite, which has better creep resistance than
alumina [31:1143]. This oxide fiber contains 85% alumina and 15% silica in the form of
mullite. Volume calculations indicate that mullite comprises 55-60% of the fiber volume.
This high content of mullite lowers fiber density and thermal expansion by 13 and 30%,
respectively. Conversely, alumina fibers such as Nextel™ 610 contain >99% alumina
[33:981]. Furthermore, N720 fiber has both a secondary phase and elongated grains
incorporated into its microstructure to improve creep resistance. These desirable features
translate into significant advantages for aerospace and thermally loaded applications
[31:1146].
1.3.2

Alumina (Al2O3) Ceramic Matrix

When considering ceramic matrix composites, the properties of the matrix
material should be carefully scrutinized. An ideal matrix will possess the following
characteristics: the ability to infiltrate fiber bundles, whiskers, or particulate perform;
formation of a mechanical or frictional bond with the reinforcement; be chemically
neutral with respect to the fiber reinforcement during fabrication or service; not damage
the fiber physically; good resistance to creep, fatigue, and impact; high toughness; and
should be chemically stable, i.e., it should be impermeable to moisture, resistant to
oxidation, should not hydrate or volatilize, and so forth [9:44]. In reality, one can only
21

hope for a large number of these traits to be present in the selected matrix material. Table
2 identifies the most commonly used ceramic matrix materials and highlights some of
their characteristics as reported elsewhere [9:13].

Table 2. Ceramic Matrix Materials [9:13]
Melting
Young’s
Coefficient of Thermal
Point,
Modulus,
Expansion,
E,
(°C)
αt,
(GPa)
(10-6/K)
2050
380
7–8

Fracture
Toughness,
KIc,
(MPa m½)
2–4

Type of
Material

Density,
ρ,
(g/cm3)

Al2O3

3.9

SiC

3.2

…

420

4.5

2.2 – 3.4

Si2N4

3.1

…

310

3.1

2.5 – 3.5

MgO

3.6

2850

210

3.6

…

Mullite

3.2

1850

140

5.3

3.5 – 3.9

Borosilicate
Glass
Soda-lime
Glass

2.3

…

60 – 70

3.5

0.5 – 2

2.5

…

60 – 70

8.9

0.5 – 2

As previously mentioned, alumina is the oxide matrix utilized in N720/A.
Alumina serves as an effective matrix because it is highly stable in a variety of
environments. It has good strength and toughness characteristics, although its melting
point (2050°C) is not the highest amongst oxide matrices. Comparatively, the elastic
modulus of alumina is 380 GPa while values for common aerospace structural metals
such as steel (210 GPa) and aluminum (70 GPa) are considerably lower [16:7; 26:Sec II,
9]. This higher value is important since the modulus of elasticity of a material is an
indicator of the interatomic bond strength. A higher melting point of the material also
serves as a good indicator of atomic bond strength. For example, nickel and titanium
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have melting points of 1450°C and 1675°C, respectively, indicating a weaker atomic
bond compared to alumina [26:Sec II, 9; 27]. However, the most attractive quality of
alumina would be its inherent resistance to oxidation [8; 13; 20; 31].
A critical feature of any structural component is the amount of material porosity
that is present. In metallic materials, high porosity is undesirable, but porosity may be
beneficial in ceramic composites if properly controlled. As reported in Kaya et al.
[13:2333], research indicates that catastrophic failure of oxide/oxide CMCs can be
prevented by using a highly porous (up to 50% by volume) ceramic matrix with no
particularly optimized fiber/matrix interface. The concept of porous matrix was used in
developing the composite material investigated in this research effort. The CMC panels
provided for testing had porosity values on the order of ~24%.
1.4

Creep (Stress)-Rupture Behavior
The creep resistance of a given material is a critical factor in determining the

service life and appropriate operating condition limits for aerospace components. Creep
resistance is especially necessary in all hot-section components comprising aero-engines
[22:489]. Creep is a time-dependent deformation, which becomes increasingly important
at elevated temperatures since it establishes a limit on the maximum operating
temperature for a particular material. In practice, this limit improves with an increase in
material melting point. A reasonable approximation of this limit can be estimated to be
approximately 50% of the melting temperature in Kelvin [9:242-43].
Creep behavior is often used to analyze the oxidation strength of ceramic matrix
composites [12:Sec II, 7-9]. During creep tests, new cracks form in the matrix and
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existing cracks expand to allow oxygen into the composite, which causes fiber and matrix
deterioration. In most composites, matrix damage is the primary factor affecting creeprupture life. In non-oxides composites, matrix damage occurs primarily due to oxidation
[33:987-88].
The applied stress, grain size, porosity, and impurity content are important
variables that affect the creep (stress)-rupture life a material. A common problem found
in nearly all composites is the disparity between creep strength of the fiber and that of the
matrix. Assuming a well-bonded interface, axial strains in the fiber and matrix will
equilibrate. This results from a redistribution of axial stresses within the composite until
fiber and matrix creep rates become equal [9:244].
Oxide fibers typically have poor creep resistance when compared to non-oxide
fibers. This susceptibility to creep can be a limiting factor on the lifetime of an
oxide/oxide composite at elevated temperatures. Amongst oxide fibers, Nextel™ 720 is a
particularly creep resistant fiber due to its high concentration of mullite [21; 26:Sec II,
15-16; 27; 33]. Unfortunately, the enhanced creep performance of N720 arrives at the
expense of low-temperature strength [33:989].
1.5

Research Objective
The objective of this research was to assess the creep performance of a Nextel™

720/A ceramic matrix composite at 1200°C and 1330°C in laboratory air and in 100%
steam environment. Multiple tests were conducted in both environments at both
temperatures to investigate the combined effects of temperature and environment on the
creep resistance of this composite.
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II. Material and Specimen Description

This chapter begins with a description of the oxide/oxide composite characterized
in this research effort. Second, comments on the microstructure of the as-received
material are presented. Lastly, the specimen geometry used in testing is discussed.
2.1

Material Description
The material characterized in this experimental investigation was an oxide/oxide

ceramic matrix composite developed by Composite Optics Inc. (COI) Ceramics (an
Alliant Techsystems affiliate), San Diego, CA. The composite tiles were fabricated by
slurry infiltration of woven Nextel™ 720 (mullite) fabric using an alumina-based ceramic
matrix. The reinforcement of the matrix was accomplished using 12 plies of 8-harness
satin-weave cloth warp aligned in a [0/90] lay-up. A description of COI Ceramic’s
fabrication process is presented in Figure 5.

Figure 5. Fabrication process for N720/A CMC [11]
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Two finished laminate tiles (304.8 mm x 304.8 mm) were provided for testing.
The average tile thickness was 2.82 mm. The final fiber volume fraction was
approximately 45%. The composite bulk density was reported by the manufacturer to be
~2.78 g/cm3. Table 3 lists some of the physical properties for the laminates used for
testing.

Laminate
Identification
Number
3342
3307-1

Table 3. Physical Properties of N720/A Laminate Tiles
Weight
Fired
Fabric
Matrix
Porosity
(g)
Laminate
Composition
Composition
(%)
Thickness
(% Volume)
(% Volume)
(mm)
718.1
2.7686
45.3
31.3
23.4
738.6
2.8651
43.8
32.2
24.1

Density
(g/cm3)
2.79
2.77

Note: Laminate thickness is the mean of (9) measurements per laminate.

The as-received material included numerous micro-cracks that had formed during
the fabrication process. The micro-cracks are clearly visible in the optical micrograph
shown in Figure 6. As mentioned in the previous chapter, this micro-crack formation
occurs because of the differences in thermal expansion coefficients between the fiber and
matrix materials.
Figure 7 presents a cross-sectional surface of a Nextel™ 720/A ceramic matrix
composite specimen at higher magnification and highlights the porous nature of this
material. As seen in Figure 7, matrix infiltration into most fiber bundles was successful.
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Figure 6. Surface microstructure of as-received N720/A, 1.6X

Figure 7. Cross-sectional micrograph of as-received N720/A
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2.2

Specimen Geometry
Test specimens were cut from the two composite tiles that were supplied for this

study. The CMC specimens were cut into a dog-bone configuration using a water-jet
machine. The dog-bone configuration was chosen to encourage failure within the gage
section of the specimen.
The total length of each specimen was 152 mm. Length and width dimensions of
the specimen grip section were 50 mm and 16 mm, respectively. The reduced width gage
section was produced using a 50 mm curvature radius applied 9 mm from center,
symmetrically with respect to the center of the specimen. Figure 8 presents the specimen
geometry used for testing. The specimen thickness was unaltered from the as-received
material dimensions. Fiberglass tabs were glued to the specimen grip sections to prevent
material damage when secured in the test apparatus. The tabs had approximate length
and width dimensions of 31.75 mm and 16 mm, respectively.

1. Drawing not to scale
2. Dimensions in millimeters
Figure 8. Dog-bone specimen
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III. Experimental Arrangements

This chapter describes the test and support equipment used to characterize the
Nextel™ 720/A ceramic matrix composite during this research effort. Detailed
descriptions of all test procedures are presented as well.
3.1

Mechanical Testing
The equipment used during this experimental investigation can be divided into the

following major categories: mechanical and environmental equipment, and imaging
devices.
3.1.1

Mechanical Test Apparatus

A Material Test Systems (MTS) Corporation servo-hydraulic machine (model
810) with a 25 kN (5500 lb) capacity was used for all monotonic tensile and creep
testing. This vertically configured machine is shown in Figure 9.
The test specimens were secured using MTS water-cooled hydraulic wedge grips
with surfalloy grip surfaces. Hydraulic grip pressure was chosen based on prior test
documentation for a similar composite material. The maximum grip pressure used in
testing was approximately 4.13 MPa (600 psi). This grip pressure was adequate to
prevent specimen slippage while sufficiently low to minimize damage to the gripped
portion of the specimens. Grip alignment had been performed prior to testing to reduce
bending strains on the specimen and was visually checked and corrected if necessary,
before the start of each test.
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Figure 9. 25 kN capacity servo-hydraulic testing machine

An MTS Force Transducer (model 661.19E-04), with a 25 kN (5500 lb)
maximum capacity, was used to measure the applied load during testing. The load
measurement was used to compute the axial stress, σ, experienced by the specimen using
the following equation:

σ=

P
A

(1)

where P is the applied load and A is the cross-sectional area of the specimen gage
section. The load cell is shown below in Figure 10 and is highlighted by the white box.
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Figure 10. 25 kN capacity load cell

A NESLAB HX-75 Recirculating Chiller was used to cool the grips and to
maintain a safe operating temperature for the load cell. Distilled water, chilled to 9°C,
was pumped and continuously circulated through the grips to accomplish this task.
Strain measurement at elevated temperature was accomplished with an MTS
uniaxial high-temperature extensometer (model 632.53E-14) with a corresponding gage
length of 12.7 mm (0.5 in) and strain measurement range of +20% to –10%. The
extensometer utilized two ceramic rods that extended from the sensor to contact the
specimen. Contact with the specimen was maintained using constant spring pressure.
The extensometer hardware also incorporated a heat shield for testing at elevated
temperatures. The extensometer was calibrated prior to testing to ensure reliability and
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accuracy of measurement. An MTS Calibrator (model 650.03) was used for
extensometer calibration.
All test control and data acquisition was performed using an MTS Test Star™ IIs
controller and related software. The MultiPurpose TestWare® (MPT) feature of the MTS
system software was used to create and execute the various test protocols. The acquired
data was then analyzed and plotted using the Microsoft Excel spreadsheet program.
3.1.2

Environmental Equipment

The environmental equipment included a furnace, external temperature controller,
and steam generation system.
The furnace used for testing at elevated temperatures was a two-zone AMTECO
Hot-Rail Furnace System. This clamshell system functioned with silicon carbide (SiC)
heating elements positioned in the top and bottom sections of each half of the ceramic
furnace chamber.
An S-type thermocouple was placed into each zone of the ceramic furnace
chamber for temperature feedback control. These thermocouples were inserted into holes
located near the top center of the chamber, on both sides of the furnace. They extended
slightly below the interior surface of the ceramic chamber and were exposed to the heated
air within the chamber. The furnace and attached thermocouples are shown in Figure 11.
Two MTS model 409.83B temperature controllers (one for each heating zone of the
furnace) were used for temperature control. The temperature controllers are shown in
Figure 12.
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Figure 11. AMTECO Hot-Rail Furnace System

Figure 12. Temperature controller

A specimen instrumented with two S-type thermocouples was used to calibrate
the furnace on a periodic basis. A thermocouple was attached to each side of the
specimen gage section using Zircar High-Temperature Alumina Cement. The specimen
was placed between the grips of the servo-hydraulic machine, with no applied load, and
the furnace temperature was increased until the specimen gage section reached the target
temperature. Thus the set points of the temperature controllers (one for each furnace
heating zone) needed to achieve the desired temperature of the test specimen were
determined. The set points for testing in steam environment were determined by placing
a specimen instrumented with thermocouples in 100% steam environment and repeating
the furnace calibration procedure. In laboratory air, specimen temperature of 1200°C was
achieved with set points of 1042°C. In 100% steam environment, specimen temperature
of 1200°C was achieved with the set points of 1074°C. The specimen temperature of
1330°C was achieved with set points of 1167°C both in laboratory air and in 100% steam
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environment. At this higher temperature, the presence of steam did not have a noticeable
effect; therefore the set points did not change. Once the controller set points for each
temperature and environment were determined, the temperature was maintained for a
period of 24 hours with a control tolerance of ±6°C to verify the furnace set points [5; 6].
Thus, the determined set points settings were then used in actual tests. Thermocouples
were not bonded to the test specimens after the furnace was calibrated.
Tests in steam environment employed an alumina susceptor. The ceramic furnace
chamber was designed to accept the ceramic susceptor (Figure 13), which was assembled
around the specimen prior to testing. The approximate outer dimensions of the susceptor
were 56 mm in length and 38 mm in diameter. The interior volume of the susceptor was
~40,212 mm3 (40.21 mL). This compact volume was necessary to maintain a uniform
100% steam environment around the specimen gage section.

Figure 13. Alumina ceramic susceptor with N720/A specimen
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A 100% steam environment was achieved through the use of an AMTECO
HRFS-STMGEN Steam Generation System, consisting of a water pump and steam
heating unit. The measured pump flow rate for this system was 30.31 mL/h. The steam
entered the alumina susceptor via a ceramic feeding tube that was connected to the
heating unit. The slight positive pressure generated by this system expelled the dry air
out of the susceptor and allowed the steam to occupy the entire volume; hence, the
specimen gage section was exposed to 100% steam environment. The water pump with
heating unit controller and the steam heating unit are shown in Figures 14 and 15,
respectively.

Figure 14. Water pump with controller

3.1.3

Figure 15. Steam heating unit

Imaging Devices

The imaging devices used for post-test analysis of the oxide/oxide ceramic matrix
composite included an optical microscope and a scanning electron microscope (SEM). A
35

Zeiss Stemi SV II optical microscope was used to examine fiber pullout and matrix
cracking for each specimen. An FEI Company Quanta 200 SEM was used to examine
the specimen microstructure and fracture surfaces. Micrographs were taken at various
magnifications. Digital photographs of the laboratory equipment and untested specimens
were captured with an Olympus C-60 Zoom and Sony Mavica digital camera.
3.2

Test Procedures
The test procedures used during this research effort were based on standards

published by the American Society for Testing and Materials (ASTM). Deviations from
these standards were made only when necessary.
3.2.1 Specimen and Equipment Preparation
Prior to testing, all specimens were measured and inspected for damage that may
have occurred during processing and fabrication. A Mitutoyo Corporation Digital
Micrometer (model NTD12-6”C) was used to measure the width and thickness of the
specimen gage section in order to determine the cross sectional area. Three sets of these
measurements were performed on each specimen. After recording the measurements,
fiberglass tabs were bonded to both sides of the grip sections of each specimen. The
purpose of the tabs was to prevent slippage and to minimize damage to the CMC.
Laboratory chemicals were used to clean, condition, and bond the tabs to the specimens.
The servo-hydraulic machine was prepared for testing by warming up the
hydraulic fluid before each test. This was accomplished using a function generator to
cycle the actuator in a sinusoidal waveform. This procedure was performed under
displacement control with fully reversed amplitude of 2.54 mm at a frequency of 1 Hz.
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Before each test, the actuator was returned to the “zero” location and the grips
were visually checked for proper alignment. The ceramic susceptor was then assembled
around the specimen. Then the specimen was carefully secured in the grips. First, the
top end of the specimen was secured while in displacement control to reduce the
occurrence of actuator drift. The bottom end of the specimen was then promptly gripped
after switching over to load control. This procedure assured that the specimen was
experiencing no load prior to test.
After the specimen had been gripped, the clamshell furnace was placed around the
specimen. The extensometer rods were inserted through slots cut in the front face of the
susceptor and positioned at the specimen gage section. Fine adjustments were made to
the ceramic rods before “zeroing” the extensometer.
For elevated-temperature tests, each specimen was heated to the test temperature
in 25 minutes and then allowed to thermally equilibrate for approximately 15 min. After
the temperature had stabilized, the thermal strain was recorded and the extensometer was
again “zeroed.” With the extensometer “zeroed” after the heating process, only
mechanical strains were measured and recorded during the actual testing.
The steam generation system was used when testing in 100% steam environment.
The steam heating unit was turned on and allowed to reach the factory pre-set
temperature of 112°C before the pump was activated. This action was performed shortly
before the specimen heating process was initiated. The steam generation system
remained active for the duration of the test.
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3.2.2

Monotonic Tensile Tests

Monotonic tension tests to failure were conducted at room temperature, 1200°C,
and 1330°C. All tension tests were performed in laboratory air, in stroke control with a
constant rate of 0.05 mm/s. The average tension test duration was approximately 10 s.
During the test, load, strain, and displacement were measured and recorded every 0.05 s.
This data was used to plot the stress-strain curves and to determine the elastic modulus
and ultimate tensile strength (UTS) of the composite material at different temperatures.
3.2.3

Creep-Rupture Tests

All creep-rupture tests were conducted in load control. Specimens were loaded to
the desired creep stress (load) level with a load rate of 25 MPa/s. Load, strain, and
displacement were measured and recorded during testing. This data was subsequently
used (i) to examine the stress-strain behavior during loading to the creep stress level and
(ii) to study the evolution of strain with time during the creep period. The stress-strain
curves obtained during initial loading to the creep stress were used to determine the
elastic modulus. Data collected during the creep period were used to establish minimum
creep rate, creep strain accumulation, and time to rupture.
3.3

Test Matrix
Table 4 presents a summary of all the tests conducted on the NextelTM 720/A

ceramic matrix composite during this experimental investigation.
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Specimen
Number

Type of
Loading

10-1
4-2
1-1
4-1
14-1
7-2
9-2
5-2
12-1
15-2
13-2
11-2
3-1
16-1
8-1
6-1

Monotonic
Monotonic
Monotonic
Monotonic
Creep
Creep
Creep
Creep
Creep
Creep
Creep
Creep
Creep
Creep
Creep
Creep

Table 4. Test Matrix
Temperature
Environmental
(°C)
Conditions
23
1200
1330
1330
1200
1200
1200
1200
1200
1200
1200
1200
1330
1330
1330
1330

Laboratory air
Laboratory air
Laboratory air
Laboratory air
Laboratory air
Laboratory air
Laboratory air
Laboratory air
100% steam
100% steam
100% steam
100% steam
Laboratory air
Laboratory air
100% steam
100% steam
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Maximum
Stress (MPa)
169
192
118
123
80
100
125
154
80
100
125
154
50
100
50
100

IV. Results and Discussion

This chapter presents the findings of the experimental investigation. First, the
monotonic tension tests are described followed by a discussion of the high-temperature
creep behavior of the Nextel™ 720/A CMC in laboratory air and in 100% steam
environment. Finally, observations from the post-test analysis of the specimen
microstructure are summarized. In the discussion below, the tests conducted in
laboratory air (100% steam) environment are referred to as the tests in air (in steam) or
the in-air (in-steam) tests.
4.1

Monotonic Tension Tests
Monotonic tension tests were performed in air at 23, 1200, and 1330°C. Results

are summarized in Table 5. The stress-strain curves produced in monotonic tension tests
are shown in Figure 16.

Table 5. Monotonic Tension Results
Ultimate Tensile
Elastic
Strain at
Strength (MPa)
Modulus
Failure (%)
(GPa)
169
67
0.35

Specimen
Number

Temperature
(°C)

10-1

23

4-2

1200

192

75

0.38

1-1

1330

118

41

1.43

4-1

1330

123

44

1.95

40

Location of
Failure
Gage section,
near top taper
Gage section,
near top taper
Gage section,
center
Gage section,
center

200
180

All Temperatures Tested
In-Air Results
Loading Rate = 0.05 mm/s

T = 1200°C

160
T = 23°C
Stress (MPa)

140
120
100

T = 1330°C

T = 1330°C

80
60
Specimen #10-1

40

Specimen #4-2
Specimen #1-1

20

Specimen #4-1

0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Strain (%)

Figure 16. Tensile stress-strain curves for N720/A at 23, 1200, and 1330°C

As illustrated in Figure 16, at 23 and 1200°C, the stress-strain behavior is nearly
linear elastic to failure. However, the stress-strain curves obtained at 1330°C have a
distinctive “knee,” exhibiting behavior more commonly observed in ductile materials.
For the traditional ceramic matrix composites, the stress-strain response is typically linear
until the start of crack formation in the matrix material. For most [0/90] cross-ply CMCs,
the first matrix cracks appear in the 90° plies. As the stress increases, matrix cracking
continues until saturation is reached. At this point the curve becomes linear again with
most of the load being carried by the 0° fibers [26:Sec IV, 7].
The material in this case does not show an obvious knee at 23 and 1200°C
because the matrix material is already porous and cracked, and does not reach a saturated
level. Results obtained at 1330°C indicate that matrix cracking plays a more significant
role in specimen failure at that temperature. Fiber fracture appears to be the dominant
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failure mode at all test temperatures. This behavior is typical for fiber-dominated
composites [33:984].
4.1.1 Tensile Properties and Behavior at 23°C
The stress-strain curve obtained at room temperature is shown in Figure 17. The
stress-strain curve is nearly linear to failure. A small bend in the curve is noticed around
the 15-20 MPa range, presumably caused by the stretching of the fibers from a “kinked”
initial state originating during the material processing. At 23°C, the elastic modulus was
67 GPa. This value was determined from the slope of a linear trendline plotted between
0-14 MPa. The ultimate tensile strength (UTS), σUTS, was 169 MPa. It is important to
mention that, because of the inherent nature of a porous low-energy matrix, much of the
stress-strain behavior of this composite was controlled by the fibers. Thus, the ultimate
strength was a function of the extent of fiber damage within the material [33:984]. The
failure strain was 0.35%. The proportional limit stress, σPL, was found to be
approximately 120 MPa. This value was determined using a 0.05% offset method,
similar to the standard 0.2%-offset yield point definition used for metals [6:24]. A
straight line, vertically offset by a strain of 0.05%, is drawn parallel to the line
representing the initial linear increase in strain. The point at which this offset line
intersects the stress-strain curve defines the proportional limit.
Results obtained at 23°C are consistent with those previously reported elsewhere
[7; 24]. The room-temperature UTS value reported by COI Ceramics [7] was 177 MPa.
Comparatively, a single filament of Nextel™ 720 fiber has a mean tensile strength of
2100 MPa [21:9]. The elastic modulus reported by COI Ceramics [7] was 75 GPa. For
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comparison, a single filament of N720 fiber has a mean tensile modulus of 260 GPa
[21:16]. Finally, COI Ceramics [7] reported failure strain of 0.31%.

200
T = 23°C
In-Air Results
Loading Rate = 0.05 mm/s

180
160

σUTS ≈ 169 MPa
εf ≈ 0.35%

Stress (MPa)

140
120

σPL ≈ 120 MPa

100
80
60
40
E ≈ 67 GPa

20
0
0.00
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0.10

Specimen #10-1

0.15

0.20

0.25

0.30

0.35

0.40

0.45
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Figure 17. Tensile stress-strain curve for N720/A at 23°C

4.1.2 Tensile Properties and Behavior at 1200°C
The strain versus temperature behavior produced during heating from 23 to
1200°C is shown in Figure 18.
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Figure 18. Typical strain vs. temperature behavior of N720/A during specimen heating from 23 to
1200°C

The strain-temperature curve in Figure 18 typifies the thermal expansion during
heating to test temperature for all specimens in this study. The curve in Figure 18
becomes linear near 400°C with the slope remaining constant throughout the remainder
of the heating process. The thermal strain was used to compute the coefficient of the
thermal expansion, αt, for this composite using the following equation:

αt =

εt
∆T

(2)

where εt is thermal strain, and ∆T is the change in temperature from room temperature.
Most specimens, regardless of the temperature setting, exhibited a thermal strain between
0.7 and 0.9%. The average thermal strain and coefficient of thermal expansion for the
N720/A specimens were 0.8% and 7.2 ppm/°C, respectively.
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Results in Table 5 reveal a moderate increase in strength properties at 1200°C
compared to the room temperature baseline. The stress-strain response at 1200°C is
shown in Figure 19.
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σUTS ≈ 192 MPa
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Figure 19. Tensile stress-strain curve for N720/A at 1200°C

At 1200°C, results are consistent with those reported elsewhere [7; 24]. However,
differences in results can be attributed to the plate-to-plate variations common to the
N720/A material. It is noteworthy that the CMC appears to have improved strength and
stiffness at 1200°C compared to the room-temperature tensile properties.
4.1.3 Tensile Properties and Behavior at 1330°C
The tensile tests performed at 1330°C revealed a 28% reduction in strength
compared to the room-temperature UTS. The stress-strain curves obtained for two
specimens tested at 1330°C are plotted in Figure 20. As seen in Figure 20, the stress45

strain curves show a distinct “knee” at this temperature. Unlike at the lower
temperatures, at 1330°C the fibers experience significant elongation before failure.
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Figure 20. Tensile stress-strain curve for N720/A at 1330°C

4.2

Creep-Rupture Tests in Laboratory Air
Creep-rupture tests were conducted in air at 1200 and 1330°C. Four tests were

accomplished at 1200°C; the stress levels were 80, 100, 125, and 154 MPa. Two tests
were performed at 1330°C; the stress levels were 50 and 100 MPa. Table 6 provides a
summary of the in-air creep test results for both temperatures investigated.
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Specimen
Number
14-1

Table 6. Summary of Creep-Rupture Results in Air Environment
Temperature
Creep
Strain at
Time to
Time to
Stress
Failure
Rupture
(s)
Rupture
(°C)
(MPa)
(%)
(h)
1200
80
1.11
917573
254.88

7-2

1200

100

3.04

147597

41.00

9-2

1200

125

3.40

15295

4.25

5-2

1200

154

0.58

968

0.03

3-1

1330

50

5.17

313198

87.00

16-1

1330

100

3.96

4244

1.18

4.2.1

Location of
Failure
Gage section,
near top taper
Gage section,
center
Gage section,
center
Gage section,
center
Gage section,
above center
Gage section,
center

Creep-Rupture Tests in Laboratory Air at 1200°C

As seen in Table 6, the creep-rupture lives were significantly different for the two
temperatures explored. At 1200°C, creep lives decrease by about an order of magnitude
as the applied stress increases from 80 to 154 MPa. At this temperature, the maximum
creep life of ~255 hours was achieved in the 80 MPa test. This specimen had failed after
accumulating 1.11% creep strain, but the cause of this failure cannot be positively
identified. An unplanned hydraulic pump shutdown and restart had occurred at the time
of testing and unbeknownst to the investigator. This uncontrolled shutdown and
subsequent restart of the hydraulic pump may have contributed to specimen failure.
Figure 21 shows creep strain as a function of time in air at 1200°C. The creep
curves presented in Figure 21 are also shown in Figure 22, where the time scale is
truncated in order to clearly show creep curves produced at higher stress levels.
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Figure 21. Creep strain vs. time for N720/A in air at 1200°C
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Figure 22. Creep strain vs. time for N720/A in air at 1200°C (truncated time scale)

It is important to note that the total strain incurred in each creep-rupture test
results from three sources: (i) that associated with the heating of the specimen, (ii) that
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associated with the initial loading-up to the desired creep stress level, and (iii) that
resulting from the actual creep process. For the purposes of this study, strain associated
with the creep process will be the main focus of discussion.
One important observation that was made at this temperature is that for stresses
≤125 MPa, the failure strain increases with increasing creep stress. At the higher
stresses, the Nextel™ 720 fibers are able to elongate more before failure occurs [26; 27].
This behavior does not hold true at 154 MPa. At this stress level, the strain was
measured to be 0.58% at failure. Although not quite as low as the failure strains observed
during the monotonic tensile tests, this result suggests that the damage mechanism in the
154 MPa creep test is similar to that in the tensile test. Note that 154 MPa constitutes
~70% of the UTS at this temperature and that time to rupture was relatively short,
approximately 16 minutes.
4.2.2

Creep-Rupture Tests in Laboratory Air at 1330°C

Figure 23 displays creep strain as a function of time for the tests conducted in air
at 1330°C. The time scale in Figure 23 is reduced to allow for closer examination of
creep behavior at the higher applied stress levels. In contrast to the 1200°C tests, these
creep curves show the strain at failure decreasing as the creep stress is increased.
However, this observation is based on a limited number of data points at these test
conditions and additional testing at intermediate stress levels may prove behavior similar
to the 1200°C tests.
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Figure 23. Creep strain vs. time for N720/A in air at 1330°C (truncated time scale)

A point to mention is that the 50 MPa test at 1330°C was interrupted after 87
hours due to equipment malfunction.
The 100 MPa test revealed a two order of magnitude decrease in creep life
compared to the specimen tested at 50 MPa. As seen in Figure 23, the 100 MPa creep
curve appears almost vertical at this scale compared to that obtained in the 50 MPa test.
Time to rupture in the 100 MPa test was a mere 1.18 h with a strain at failure of 3.96%.
Note that strain at failure is almost 1% greater than that produced at the same stress level
at 1200°C. This would indicate that at the higher temperature the N720 fibers had
experienced more elongation before breaking.
The following observations were made for creep-rupture tests conducted in air at
both test temperatures. All creep curves exhibited primary and secondary creep regimes.
The primary creep regime is extremely short and transitions rapidly into secondary creep.
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The secondary creep regime is essentially linear until failure with no noticeable tertiary
creep. The minimum creep strain rate increases with increasing applied stress level as
well as with increasing temperature. For a given applied stress level, the specimen tested
at the higher temperature experienced over a 95% reduction in creep-rupture life and had
a larger strain at failure. Larger strain values indicate that at greater stresses and at higher
temperatures, the Nextel™ 720 fibers had experienced more elongation before breaking.
Figure 24 displays the creep stress versus time to rupture for the Nextel™ 720/A
composite at 1200 and 1330°C.
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Figure 24. Creep stress vs. time to rupture for N720/A in air at 1200 and 1330°C

It can be seen that the creep-rupture life of Nextel™ 720/A is greatly influenced
by temperatures above 1200°C. For a given creep stress, the time to rupture is reduced
by approximately two orders of magnitude when the temperature is raised from 1200 to
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1330°C. At 1200°C, the specimen creep life is decreased by about one order of
magnitude as the applied stress is increased by 20 to 25 MPa. With the run-out condition
defined as surviving 100 h, it is apparent that the run-out stress in air at 1200°C is
between 80 and 100 MPa. Based on the limited data collected at 1330°C, the run-out
stress in an air was estimated to be ≤50 MPa.
The creep strain rate of a material is a very important factor in aerospace design.
Many of the aerospace applications that utilize ceramic matrix composites are designed
with creep performance as a key criterion [34:71-72]. In this study, the creep strain rate
at failure was determined by computing the slope of the line tangent to the creep strain
versus time curve at the point of failure. It should be noted that in all tests, specimen
failure occurred in secondary creep. Thus, the creep strain rate at failure is, in fact, equal
to the strain rate during secondary creep, which is also the minimum creep rate. Creep
strain rates as functions of applied stress are presented in Figure 25.
For both test temperatures, the relationship between minimum creep rate and
applied stress can be represented by the temperature-independent Norton-Bailey
equation:

ε = A0σ n

(3)

where ε is the minimum creep rate, A0 is a temperature-dependent coefficient that
accounts for activation energy and other variables in the full form of the power law, and

σ is the applied stress [8;140; 14:954; 34:71]. The stress exponent value of 8.42 was
established from the creep-rupture tests at 1200°C. Likewise, this value was determined
to be 6.46 at 1330°C.
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Figure 25. Minimum creep rate vs. creep stress for N720/A in air at 1200 and 1330°C

4.3

Creep-Rupture Tests in 100% Steam Environment
Creep-rupture tests were performed in 100% steam environment at 1200 and

1330°C. At 1200°C, the creep stress levels were 80, 100, 125, and 154 MPa. At 1330°C,
the creep stress levels were 50 and 100 MPa. Table 7 summarizes the results of the creep
tests conducted in steam environment at both test temperatures.
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Specimen
Number
12-1
15-2
13-2
11-2
8-1
6-1

4.3.1

Table 7. Summary of Creep-Rupture Results in Steam Environment
Temperature
Creep
Strain at
Time to
Time to
Location of
Stress
Failure
Rupture (s)
Rupture
Failure
(°C)
(MPa)
(%)
(h)
1200
80
2.96
165777
46.05
Gage section,
center
1200
100
1.41
8966
2.49
Gage section,
center
1200
125
0.90
869
0.24
Gage section,
center
1200
154
0.40
98
0.03
Gage section,
near top taper
1330
50
6.23
11088
3.08
Gage section,
above center
1330
100
1.60
40
0.01
Gage section,
above center

Creep-Rupture Tests in Steam at 1200°C

Figure 26 shows creep strain as a function of time for the tests conducted in
steam at 1200°C, whereas Figure 27 presents these creep curves on a reduced time scale
to facilitate a more detailed assessment of this behavior at the higher stress levels. In
contrast to the in-air creep curves at 1200°C, the creep curves produced in steam show
the strain at failure decreasing as the creep-stress is increased. In general, specimens
tested in steam produced lower strains at failure than those tested in air. The only
exception is the 80 MPa creep test in steam, where the strain at failure was 2.96%, which
is about three times that obtained in the 80 MPa creep test in air.
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Figure 26. Creep strain vs. time for N720/A at 1200°C in steam
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Figure 27. Creep strain vs. time for N720/A at 1200°C in steam (truncated time scale)
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1,000

4.3.2

Creep-Rupture Tests in Steam at 1330°C

The creep curves produced at 1330°C in steam environment are shown in Figure
28. The time scale in Figure 28 is truncated to allow for closer examination of creep
behavior at the higher applied stress levels. As was the case for the in-air creep at
1330°C, the strain at failure in creep tests conducted in steam decrease as the creep stress
is increased. The specimen subjected to creep at 50 MPa in steam accumulated about 1%
more strain at failure, than did the specimen tested at 50 MPa in air. The specimen
subjected to 100 MPa creep at 1330°C produced the shortest creep life in this
investigation. The specimen failed after only 40 seconds; the failure strain was within the
range obtained in the monotonic tension tests at 1330°C. The maximum creep life at
1330°C in steam environment was less than 4 hours. Presence of steam severely
degraded creep performance at this temperature. The poor creep resistance of Nextel™
720/A at 1330°C in steam, at stresses as low as 50 MPa, dictates that this material should
not be used in applications where it would be subjected to sustained loading in steam
environment at temperatures above 1200°C.
Figure 29 presents the creep stress vs. time to rupture for the N720/A composite
at 1200 and 1330°C for both air and steam environments. As seen in Table 7 and Figure
29, the creep lives varied significantly for the two temperatures and environmental
conditions explored. The degrading effect of steam on creep life of this material is
clearly seen in Figure 29.
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Figure 28. Creep strain vs. time for N720/A at 1330°C in steam (truncated time scale)
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Figure 29. Creep-stress vs. time to rupture for N720/A at 1200 and 1330°C in air and steam
environments
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For a given creep stress at 1200°C, creep life produced in steam is approximately
one order of magnitude lower than that produced in air. At 1330°C, creep life in the 100
MPa test in steam was two orders of magnitude lower than that produced in the 100 MPa
test in air. In 50 MPa tests, degradation in creep life due to the presence of steam was
somewhat less pronounced. Results demonstrate that the presence of steam severely
degrades the creep resistance of the composite at 1200 and 1330°C. In fact, the creep
resistance of the composite at 1200 and 1330°C in steam is so poor that run-out was not
achieved even for the lowest stress levels.
The minimum creep rates vs. applied stress at 1200 and 1330°C in air and steam
environments are presented in Figure 30.
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Figure 30. Minimum creep rate vs. creep stress for N720/A at 1200 and 1330°C in air and steam
environments
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For the tests conducted in steam, the stress exponent decreases as the temperature
is increased. Furthermore, the exponent values are smaller than those obtained for the inair results at the same temperature. The pre-exponential term becomes larger with an
increase in temperature for both air and steam environments. It is also noteworthy that
larger pre-exponential terms are obtained in correlating the in-steam results than in
correlating the in-air results. In summary, creep rates increase with increasing
temperature and when exposed to steam environment.
4.4

Microstructural Analysis
The fracture surfaces of the Nextel™ 720/A specimens were examined at low-

magnifications using optical microscopy and at higher magnifications with a scanning
electron microscope (SEM). The optical micrographs in Figures 31-33 clearly show that
rugged fibrous fractures planes were produced in all tests. The locations of the fiber tow
breakage and the length of fiber pullout are random and irregular at all temperatures
investigated for both monotonic tension and creep-rupture tests.
There was no discernable increase in matrix cracking for the majority of the
specimens compared to the as-received untested material.
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Figure 31. Fractured N720/A tensile specimens
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Figure 32. Fractured N720/A creep specimens tested in air (a, b, c, d) and steam (e, f, g, h) at 1200°C

The SEM micrographs are shown in Figures 34-39. No particular trends or
patterns in fiber and/or matrix damage related to the type of loading (monotonic tension
vs. creep), temperature (23, 1200, 1330°C), environment (air vs. steam), or applied
stresses are seen in the SEM micrographs in Figures 34-39. Therefore only selected SEM
micrographs are shown in this section in order to highlight salient features while the
remaining SEM micrographs are given in the Appendix.
Figure 34 illustrates a typical specimen fracture surface. Note that the fracture
surface in Figure 34 has a brush-like appearance.
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Figure 33. Fractured N720/A creep specimens tested in air (a, b) and steam (c, d) at 1330°C
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Figure 34. Typical fracture surface (Specimen #14-1)

From the topography of the fracture surface in Figure 35 it becomes apparent that
both fiber bundle breakage and individual fiber pullout are present. In the areas of more
coordinated nearly flat fracture, breakage of 0± fibers is almost planar. In the areas of the
fracture surface dominated by the fiber pullout, the pullout length is randomly distributed
within the 0± tows. Examples of both coordinated fracture and pullout are identified in
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Figure 36. These features are repeatedly observed in all SEM micrographs produced in
this study.

Figure 35. Typical fracture surface topography (Specimen #12-1)
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Coordinated fracture

Fiber pullout

Figure 36. Coordinated fracture and fiber pullout (Specimen #8-1)

Fiber pullout and micro-cracking are clearly visible at higher magnifications. In
Figure 37, a crack appears to have propagated through the matrix before fracturing a
N720 fiber.
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Crack propagation

Figure 37. Crack propagation in matrix (Specimen #11-2)

Some of the matrix debris, and pieces of the matrix still bonded to fibers are seen
frequently as shown in Figure 38. Strong fiber-matrix bonding is apparent.
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Figure 38. Fiber pullout; matrix particles remain bonded to some of the fibers (Specimen #5-2)

As can be seen in Figure 39, some fracture regions in the 0° tows have flatter,
more coordinated fracture topography. Individual pairs of fibers can be seen in the
various SEM micrographs exhibiting planar fracture. Upon close examination of these
fiber pairs, a common fracture origin occurring at points of fiber contact can be seen.
Arrows in this figure highlight fibers bonded together along their cylindrical axis. Fibers
may become bonded during processing when fibers stick to each other and sinter together
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along their cylindrical axis [15:613]. While this phenomenon was frequently seen in the
SEM micrographs, most of the fiber fractures occurred on different planes.

Figure 39. Planar fiber fracture (Specimen #13-2)
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V. Conclusions and Recommendations

Monotonic tension tests to failure were performed at 23, 1200, and 1330°C in
laboratory air and in 100% steam environments. At 23°C the ultimate tensile strength
(UTS) was 169 MPa, modulus of elasticity, 67 GPa, and failure strain, 0.35%. The
material exhibited improved strength and stiffness at 1200°C compared to roomtemperature properties. At 1200°C, the UTS and elastic modulus were 192 MPa and 75
GPa, respectively. Failure strain at 1200°C was 0.38%. These results are consistent with
those reported by Composite Optics Inc. (COI) Ceramics [7]. Strength and stiffness
obtained at 1330°C were reduced by ~28% compared to the room-temperature values.
Conversely, larger failure strains (~1.69%) were produced at 1330°C than at lower
temperatures.
The accompanying stress-strain behavior was nearly linear to failure at 23 and
1200°C. Stress-strain behavior at 1330°C was significantly different. At 1330°C, the
stress-strain curves exhibited a distinct “knee,” a behavior more commonly witnessed in
ductile materials.
The main objective of this research was to characterize the creep-rupture behavior
of a Nextel™ 720 fiber-reinforced alumina matrix composite (N720/A), an oxide/oxide
CMC, at 1200 and 1330°C in laboratory air and in 100% steam environments. Results of
this study demonstrate that the CMC exhibits relatively good creep resistance at 1200°C
in air. Presence of steam severely degraded creep resistance at 1200°C. Creep resistance
at 1330°C was poor and further degraded when exposed to steam environment.
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At 1200°C four creep-rupture tests were conducted in laboratory air and four, in
steam environment. Creep stress levels were 80, 100, 125, and 154 MPa. At 1330°C,
two specimens were tested in laboratory air and two, in steam environment. The creep
stress levels were 50 and 100 MPa. The maximum creep life (255 h) was produced in the
80 MPa test conducted in air environment at 1200°C. Creep strain accumulated in this
test was 1.11%. With the run-out condition defined as surviving 100 h, the run-out stress
at this temperature is between 80 and 100 MPa.
For a given creep stress, a temperature increase to 1330°C resulted in a substantial
decrease in creep life. At 1330°C, creep life in the 100 MPa test conducted in air was a
little over one hour, while at 1200°C, creep life in the 100 MPa test in air was 41 hours.
The run-out stress in air at 1330°C was estimated to be 50 MPa.
The tests conducted in steam revealed that presence of steam severely degraded
the creep resistance. Presence of steam significantly reduced creep lives at both test
temperatures. Decrease in creep life when exposed to moisture was more pronounced at
1330°C. At 1200°C, reductions in creep life due to the presence of steam were about one
order of magnitude, whereas at 1330°C presence of steam reduced creep lives by
approximately two orders of magnitude.
This composite’s creep resistance in steam was so poor that run-out was
unobtainable at even the lowest stresses at either temperature. Lower strain
accumulations were observed in steam for most specimens. This would indicate that the
damage mechanism in moisture was more immediate and that not as much fiber
elongation occurred compared to the in-air tests.
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Microscopy and fractography were performed to characterize specimen damage.
Similar features were observed in the micrographs obtained for all specimens regardless
of the temperature, environment, stresses, or type of test conducted. Fiber fracture and
fiber pullout appeared to be the primary damage mechanisms; however, the influence of
matrix cracking on creep behavior of this material is not completely understood at this
time. Clearly, presence of steam significantly degraded the creep performance of
N720/A; however, the damage mechanisms associated with moisture exposure were not
evident during microscopy analysis.
Based on the limited testing performed during this study, it appears that Nextel™
720/A may be suitable for applications requiring long-term exposure to 1200°C in air
environments. Careful consideration must be given before using this material in
applications where it would be subjected to sustained loads in a moisture-rich
environment at high temperatures. Additional testing should be performed on this
ceramic matrix composite to better understand the damage mechanisms and limitations
associated with moisture exposure.
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Appendix: Additional SEM Micrographs

Figure 40. Specimen #10-1 (23°C, air, tensile), 40X
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Figure 41. Specimen #10-1 (23°C, air, tensile), 600X

Figure 42. Specimen #10-1 (23°C, air, tensile), 1200X

73

Figure 43. Specimen #4-2 (1200°C, air, tensile), 40X

Figure 44. Specimen #4-2 (1200°C, air, tensile), 600X
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Figure 45. Specimen #4-2 (1200°C, air, tensile), 2500X

Figure 46. Specimen #1-1 (1330°C, air, tensile), 80X
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Figure 47. Specimen #1-1 (1330°C, air, tensile), 600X

Figure 48. Specimen #1-1 (1330°C, air, tensile), 1200X
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Figure 49. Specimen #1-1 (1330°C, air, tensile), 2400X

Figure 50. Specimen #4-1 (1330°C, air, tensile), 80X
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Figure 51. Specimen #4-1 (1330°C, air, tensile), 600X

Figure 52. Specimen #4-1 (1330°C, air, tensile), 1200X
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Figure 53. Specimen #14-1 (1200°C, air, 80 MPa, 254.88 h), 300X

Figure 54. Specimen #14-1 (1200°C, air, 80 MPa, 254.88 h), 500X
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Figure 55. Specimen #14-1 (1200°C, air, 80 MPa, 254.88 h), 1000X

Figure 56. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 50X
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Figure 57. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 80X

Figure 58. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 150X
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Figure 59. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 300X

Figure 60. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 500X

82

Figure 61. Specimen #7-2 (1200°C, air, 100 MPa, 41.00 h), 1000X

Figure 62. Specimen #9-2 (1200°C, air, 125 MPa, 4.25 h), 500X
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Figure 63. Specimen #9-2 (1200°C, air, 125 MPa, 4.25 h), 1000X

Figure 64. Specimen #9-2 (1200°C, air, 125 MPa, 4.25 h), 1000X
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Figure 65. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 300X

Figure 66. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 300X
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Figure 67. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 300X

Figure 68. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 500X
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Figure 69. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 1000X

Figure 70. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 300X
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Figure 71. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 500X

Figure 72. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 1000X

88

Figure 73. Specimen #5-2 (1200°C, air, 154 MPa, 0.27 h), 2000X

Figure 74. Specimen #3-1 (1330°C, air, 50 MPa, 87.00 h), 25X
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Figure 75. Specimen #3-1 (1330°C, air, 50 MPa, 87.00 h), 300X

Figure 76. Specimen #3-1 (1330°C, air, 50 MPa, 87.00 h), 500X
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Figure 77. Specimen #3-1 (1330°C, air, 50 MPa, 87.00 h), 1000X

Figure 78. Specimen #16-1 (1330°C, air, 100 MPa, 1.18 h), 25X
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Figure 79. Specimen #16-1 (1330°C, air, 100 MPa, 1.18 h), 300X

Figure 80. Specimen #16-1 (1330°C, air, 100 MPa, 1.18 h), 500X
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Figure 81. Specimen #12-1 (1200°C, steam, 80 MPa, 46.05 h), 25X

Figure 82. Specimen #12-1 (1200°C, steam, 80 MPa, 46.05 h), 300X
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Figure 83. Specimen #12-1 (1200°C, steam, 80 MPa, 46.05 h), 500X

Figure 84. Specimen #12-1 (1200°C, steam, 80 MPa, 46.05 h), 1000X
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Figure 85. Specimen #15-2 (1200°C, steam, 100 MPa, 2.49 h), 50X

Figure 86. Specimen #15-2 (1200°C, steam, 100 MPa, 2.49 h), 300X
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Figure 87. Specimen #15-2 (1200°C, steam, 100 MPa, 2.49 h), 500X

Figure 88. Specimen #15-2 (1200°C, steam, 100 MPa, 2.49 h), 1000X
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Figure 89. Specimen #15-2 (1200°C, steam, 100 MPa, 2.49 h), 2000X

Figure 90. Specimen #13-2 (1200°C, steam, 125 MPa, 0.24 h), 500X
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Figure 91. Specimen #13-2 (1200°C, steam, 125 MPa, 0.24 h), 1000X

Figure 92. Specimen #13-2 (1200°C, steam, 125 MPa, 0.24 h), 2000X

98

Figure 93. Specimen #13-2 (1200°C, steam, 125 MPa, 0.24 h), 1000X

Figure 94. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 300X
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Figure 95. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 300X

Figure 96. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 300X
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Figure 97. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 500X

Figure 98. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 1000X
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Figure 99. Specimen #11-2 (1200°C, steam, 154 MPa, 0.03 h), 2000X

Figure 100. Specimen #8-1 (1330°C, steam, 50 MPa, 3.08 h), 50X
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Figure 101. Specimen #8-1 (1330°C, steam, 50 MPa, 3.08 h), 300X

Figure 102. Specimen #8-1 (1330°C, steam, 50 MPa, 3.08 h), 500X
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Figure 103. Specimen #8-1 (1330°C, steam, 50 MPa, 3.08 h), 1000X

Figure 104. Specimen #6-1 (1330°C, steam, 100 MPa, 0.01 h), 150X
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Figure 105. Specimen #6-1 (1330°C, steam, 100 MPa, 0.01 h), 300X

Figure 106. Specimen #6-1 (1330°C, steam, 100 MPa, 0.01 h), 500X
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